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ABSTRACT
Side weirs and overtopable levees are widely used to increase ﬂood routing along a channel or river. The lateral loss of water reduces the sediment
transport capacity leading to the formation of a local sediment deposit close to the overﬂow. Since the extent of the morphological bed changes is
not known a priori, the design discharge is increased by this ﬂow–sediment transport interaction in an uncontrolled way. Based on a systematic
ﬂume study, a semi-empirical model to predict the three-dimensional bed evolution of the aggraded channel reach in the vicinity of the overﬂow is
developed. The shape of the deposit is modelled by an adapted Maxwell-type distribution function. The main input parameters of the model are
expressed in terms of dimensionless parameters accounting for main channel and side overﬂow geometry as well as ﬂow and sediment transport charac-
teristics. The application of the empirical model in numerical ﬂow calculations predicts 90% of the measured overﬂow.
Keywords: Bed morphology, deposition, sediment transport, semi-empirical model, side overﬂow, side weir
1 Introduction
Side overﬂows such as side weirs, fuse plugs or overtopping
dams are free overﬂow regulation and diversion structures com-
monly encountered in river training works. The ﬂow over a side
weir is a typical case of spatially varied ﬂow with decreasing
discharge and has been subject to numerous investigations
(e.g. Subramanya and Awasthy 1972, Hager 1987). Usually,
the main design objective is to estimate the total overﬂow
discharge. Therefore, this research focused on the determination
of an appropriate discharge coefﬁcient. Normally, a ﬁxed
channel bottom is assumed, since most studies refer to irrigation
or drainage engineering (e.g. Borghei et al. 1999). Natural rivers
have a mobile bed and the morphological behaviour has to be
taken into account if dealing with ﬂood protection projects.
The lateral water loss reduces the sediment transport capacity
in the main channel due to decreasing bottom shear stress. This
results in sediment deposition and a rise of the mean bed level
as well as the formation of a local sediment deposit in the
weir alignment. Consequently, the ﬂow section is reduced, the
upstream water level rises as does the head on the side weir.
Hence, the design discharge is increased in an unforeseen way.
To obtain a better insight in the interaction of a side overﬂow
with bed-load transport and bed morphology, systematic ﬂume
tests were performed (Rosier 2007b). These allowed a design pro-
cedure for the ﬂow–sediment interaction consisting of a three-
dimensional (3D) semi-empirical approach predicting the bed
evolution near the overﬂow to be developed. A two-
dimensional (2D) model and a method for direct estimation of
the overﬂow have been developed as well (Rosier 2009b). The
shape of the aggraded channel reach was modelled using a
Maxwellian distribution function. The height and location of
the maximum bed elevation and a shape factor are expressed in
terms of dimensionless channel geometry, side weir variables,
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hydraulic parameters, and bed-load transport relations.
To integrate the modelled bed morphology into a numerical
model, a reference point was established. The model was tested
successfully with ﬂume data in numerical ﬂow calculations.
2 Experimental investigation
2.1 Laboratory ﬂume and test parameters
The tests were conducted in a rectangular prismatic glass-sided
ﬂume 40 m long, 2.00 m wide and 1.20 m deep. The ﬂume
was subdivided longitudinally into two separate channels. The
ﬁrst channel, 20 m long and 1.50 m wide, represents the test
facility with the mobile bed. The second one, 0.47 m wide, con-
stitutes a lateral channel for the evacuation of the diverted dis-
charge (Fig. 1).
The initial bottom slope So varied between 0.1% and 0.4%.
The upstream (subscript 1) discharge Q1 comprised a range of
0.098–0.222 m3/s. The initial crest height wD of the side weir
(subscript D) was ﬁxed to 0.10 m. Three weir crest lengths LD
were tested, namely 3.00 m (test series B), 6.00 m (test series
C) and two times 2.50 m (¼5.00 m) (test series D). As a refer-
ence case, tests without a side weir were performed (test series
A). A detailed description is given by Rosier (2007b).
The side weir was located on the right channel bank 5.00 m or
40 approach ﬂow depths from the main-channel inlet (test series
B). For test series C and D, the position of the side overﬂow
was 3.50 m or 32 ﬂow depths and 26 ﬂow depths, respectively,
downstream from the main-channel inlet. The weir crest was
horizontal and rectangular with a crest width of 0.025 m.
The bed material used in all tests consisted of sand of median
diameter d50 ¼ 0.72 mm, a geometric sorting coefﬁcient of sg ¼
2.95, density of rs ¼ 2,650 kg/m3 and a bulk density of rs ¼
1447 kg/m3 for a porosity of p ¼ 45.4%. The properties of the
bed material are typical for the Rhone River in Switzerland.
For each test, the ﬂow depth was recorded continuously in the
centre line of the main channel using 15 Ultrasonic Gauges (US)
(Fig. 1). The accuracy of ﬂow-level measurement was+0.5 mm.
The 2D velocity ﬁeld was measured with an ultrasonic-Doppler
velocity proﬁler (UVP), allowing a 2D velocity proﬁle over the
entire ﬂow depth to be obtained instantaneously (Metﬂow
2000). The probes had an emitting frequency of 2 MHz. Velocity
proﬁles were recorded each 30 min for 16 cross-sections (Fig. 1).
The ﬁnal bed topography was recorded using digital photogram-
metry (Rosier et al. 2004). For the digital elevation model
(DEM), a grid resolution of 2.5 cm × 2.5 cm as proposed by
Wormleaton et al. (2004) was used. The vertical DEM accuracy
is +2.5 mm which corresponds to about 3.5d50.
2.2 Measuring procedure
The initial slope of the mobile ﬂat bed for each test was created
by adjusting the sediment layer to the desired slope. A coarser
sediment layer was inserted at the channel inlet slightly upstream
of the actual test reach to prevent erosion. A tilting gate at the
channel exit facility was raised before slowly ﬁlling the main
channel with water. Thus, the main channel and the evacuation
channel were carefully ﬁlled with water until the horizontal
side weir crest was reached. Then, the water level and velocity
recordings were started. At this stage, the reference level for
the water level measurements, corresponding to the side weir
crest height, was determined. Next, the tilting gate was comple-
tely lowered and the discharge was increased to that requested,
being constant throughout the entire test duration. The overall
ﬂow regime was always subcritical. However, local ﬂow con-
ditions could considerably differ from the average, and a large
variation of Froude numbers may thus appear in a cross-
section. Consequently, Froude numbers close to critical, at
least numerically, were observed near the upstream weir corner
where the ﬂow is attracted by the weir.
Sediment was added 5.00 m upstream of the actual test reach
via a conveyer belt. The quantities were estimated according to
the formula of Smart and Ja¨ggi (1983) and adjusted during
each test to maintain uniform ﬂow and equilibrium transport
conditions in the approach ﬂow channel. The sediment transport
occurred primarily as bed-load or saltation as indicated by a
mean value of w/u∗ ¼ 1.53, where w is sediment fall velocity
and u∗ bed shear velocity (Raudkivi 1990).
The tests were run until the ﬁnal bed morphology near the side
weir was formed and a dynamic equilibrium was obtained. This
was indicated by an almost constant spill discharge for a certain
time period, usually occurring after about 25% of the total test
duration (Fig. 2). A stable average side spill discharge was also
a sign that the aggradation and the local sediment deposit were
close to equilibrium. The test duration corresponds to the peak
period of a ﬂood event as may occur on the Rhone River.
The side overﬂow discharge was determined using a sharp-
crested weir located in the evacuation channel (Fig. 1) and
equipped with an ultrasonic gauge. The lateral overﬂow was
never submerged from downstream and free overfall conditions
were always ensured.
Figure 1 Plan view of laboratory setup for test series B with 3.00 m
long side weir and arrangement of water level (US) and velocity
(UVP) recordings
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3 Parametrical description of local sediment deposit
The systematic analysis of all tests revealed that the 3D shape of the
deposit can be described by two longitudinal bed surface proﬁles
on the left and on the right channel bank (Rosier 2007a). The
proﬁle on the right bank (subscript RB) represents the overall
aggradation in the weir reach and the formation of a local
sedimentary deposit forming at the downstream weir corner. The
proﬁle along the left bank (subscript LB) results only from the
overall bed elevation in the side weir reach. The points of
maximum (subscript max) elevation of the two proﬁles (zmax,RB,
zmax,LB) are characterized by a longitudinal displacement Dx
∗ or
angle f∗. The two proﬁles were connected as shown in Fig. 3.
To parameterize the two proﬁles, a Maxwell-type distribution
function was used. The input parameters are expressed in terms
of dimensionless relationships using relevant variables from the
following four groups of parameters:
. main-channel geometry,
. side weir geometry,
. ﬂow and
. sediment transport.
To implement the bed evolution model into a numerical model,
the location xcp of the modelled deposit relative to the side
weir has to be known (Fig. 3).
4 Development of semi-empirical model
4.1 Longitudinal bed evolution
To determine the longitudinal bed proﬁle along the right channel
bank, the spanwise distribution of the maximum bed elevation
along the side weir was analysed. The maximum bed elevation
was within y/B ¼ 0.85 to 1.00 with y ¼ coordinate along the
channel width and B ¼ channel width, corresponding to 0.15B.
The same band width was also selected for the left bank, hence
y/B ¼ 0.00 to 0.15.
To detect the overall trend of the longitudinal bed surface pro-
ﬁles, bed forms had to be eliminated from each individual data
set with the prerequisite that the bed discontinuity in the weir
vicinity was not to be dampened. Therefore, a moving average
procedure with a window length of 3.50 m was applied.
Typical proﬁles are shown in Fig. 4. The deposit on the right
bank is considerably larger than that on the opposite channel
bank. Moreover, the longitudinal shift of the two proﬁles is
apparent.
4.2 Maxwell distribution function
Themain parameters characterizing the deposit are the maximum
bed elevation z∗max, the corresponding position of the maximum
bed elevation x∗max, its shape n∗ and volume. The deposit is
skewed to the left with a rather steep stoss slope and a milder
lee slope. Such a deposit shape can be parameterized with the
Maxwell distribution function. The Maxwell–Boltzmann prob-
ability distribution has applications in physics and chemistry,
e.g. heat and gas transfer, as well as in hydrology to describe
the shape of ﬂood hydrographs. The function is composed of
only three dimensionless variables allowing for a continuous
analytical solution. A further advantage, when compared with
Figure 3 Schematic overview of parametrical description of sediment
deposit. Variables and subscripts are deﬁned in the text. The angle fz,LB
represents the transverse inclination of deposit crest
Figure 4 Bed evolution (moving average) in band width of 0.15B
along left and right channel bank for Test B02. Moving average of
bed elevation over entire cross-section is also shown. Starting and end
points correspond to Maxwellian analysis (see below)
Figure 2 Transient evolution of diverted to approach dischargeQD/Q1
for Test B02. Due to passage of bed forms an oscillatory curve resulted.
(- - -) QD/Q1 ratio for plane ﬁxed bed
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the Gaussian distribution, for example, is that it is bounded.
Therefore, the Maxwell distribution function was used to ﬁt
the test data.
Introducing the dimensionless parameters X ¼ x∗/x∗max and
Z ¼ z∗/z∗max with x∗max and z∗max as peak values of the bed
elevation and the shape factor n∗ of the deposit, the aggraded
channel reach near the side weir can be described by
Z(X ) = Xe1−X( )n∗. (1)
By deﬁnition, the maxima of X and Z are located at 1.00. For
increasing n∗-values, the deposit shape becomes more peaked,
whereas for decreasing n∗-values the deposit is wider and left
skewed.
4.3 Modelling with the Maxwell distribution function
As a ﬁrst step, the longitudinal deposit proﬁle on the band of the
right and left banks was deﬁned. The starting and end points of
the deposit were identiﬁed using a local minima analysis. For
the starting point, the local minimum was deﬁned by the dis-
tinct slope change from the upstream reach towards the
maximum deposit elevation. The endpoint was determined by
the same procedure (Fig. 5a). This process required a certain
degree of interpretation, especially on the left channel bank
where the deposit was far less prominent than on the right
bank close to the weir. However, the deposit shape has a
much smaller effect on the diverted ﬂow over the weir than
its height.
Once the two local minima were identiﬁed, they were linked
with a linear function corresponding to the tangent in the
respective points (Fig. 5a). The tangent was then used as baseline
to extract the deposit from the original data set by vertical
differencing (Fig. 5b). Next, z∗max of the extracted deposit and
its corresponding position x∗max were determined. The Maxwell
distribution function was then ﬁt (Fig. 5c). The shape factor n∗
was found by a trial-and-error procedure using the least squares
method.
4.4 Maximum height of extracted deposit on right
channel bank
Channel, weir geometry, ﬂow and sediment transport variables
were included to determine the maximum height of the extracted
deposit on the right channel bank (z∗max,RB) (Fig. 5b). The ﬁrst
three variables are represented by the ratio of overﬂow to
approach discharges QD/Q1. The overﬂow discharge is given
by the general weir equation, whereas the open-channel ﬂow is
expressed with the Manning equation as
QD
Q1
= (2/3)CD
NameMeNameMeNameMe
2g
√
h1 − wD( )3/2LD
R2/3h,1n
−1S1/2o Bh1
, (2)
whereCD is the side weir discharge coefﬁcient, g the acceleration
due to gravity, h1 2 wD ¼ hD,1 the overﬂow depth above side
weir crest, h1 the approach ﬂow depth, wD the weir height, LD
the weir crest length, n the Manning roughness coefﬁcient
including form roughness, Rh,1 the hydraulic radius (Rh,1 ≈ h1
for B/h1 . 10) and So the bottom slope and subscript 1 refers
to the cross-section at the upstream weir corner.
A modiﬁed channel geometry as created by a lateral constric-
tion or a negative bottom slope favours the establishment of
pseudo-uniform ﬂow conditions (Hager and Volkart 1986).
Since the deposit induces a similar effect, the slight drawdown
of the water surface proﬁle is damped and the ﬂow depth h1
in Eq. (2) represents a rather suitable approximation for the
normal ﬂow depth.
Figure 5 Example for deposit shape modelling by the Maxwell distri-
bution function from original data set (Test B06, right channel bank,
0.15B band width). (a) Initial mobile bed, average ﬁnal bed, moving
average for average ﬁnal bed, start and end deposit points and baseline
connecting start and end points (local minima), (b) extracted deposit,
(c) normalized deposit and the corresponding Maxwell distribution
function
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The effect of sediment transport was considered by the ratio
of the downstream to upstream Einstein factor DF
DF = Fdownstream
Fupstream
where F = qsbNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
s− 1( )gd3
√ , (3)
with qsb the bed-load transport per unit width, s the relative
density and d the characteristic grain diameter. Typical DF
ratios varied between 0.39 and 0.94 with a mean value of 0.75,
indicating that during side weir operation about 25% of the
approach ﬂow bed-load material was captured in the deposit.
To express z∗max,RB non-dimensionally, the side weir pressure
head hD,1 was chosen as hD,1/z
∗
max,RB. Introducing the par-
ameters QD/Q1 and DF to the genetic program GPKernel
(Keijzer and Babovic 1999), various relations in the form hD,1/
z∗max,RB ¼ f (QD/Q1, DF) were obtained. Based on the physical
meaning, the degree of correlation and after regrouping and
omission of terms of minor inﬂuence resulted for 0.75 ≤ hD,1/
z∗max,RB ≤ 10.50 in
hD,1
z∗max,RB
= 2/3 DF
QD/Q1
3DF− 9
5
( )
+ 9
4
[ ]4/5
. (4)
The application ranges are 0.04 ≤ QD/Q1 ≤ 0.37 and 0.39 ≤
DF ≤ 0.94. Since the ratios QD/Q1 and DF are a priori
unknown, Eq. (4) has to be solved by iteration.
4.5 Maximum height of extracted deposit on left channel bank
The maximum height of the extracted deposit on the left bank
z∗max,LB is obtained by introducing the angle tan fz,LB describing
the transverse inclination of the deposit crest (Fig. 6; see also
Fig. 3). The angle is supposed to be a function of the product
tan fz,LB =
DzRB−LB
B
= f xi( ) = f xa1xb2xg3
( )
, (5)
with xi (i ¼ 1–3)
xa1 =
QD
Q1
, xb2 =
LD
B
and xg3 =
hD,1
LD
. (6)
The exponents were determined to a ¼ 22/3, b ¼ 1/3 and g ¼
8/5. The best correlation relating tan fz,LB to xi was found as
tan fz,LB =
DzRB−LB
B
= axbi (7)
Curve ﬁtting indicated a ¼ 11.16 and b  1. Consequently,
tanfz,LB is expressed by the linear relation
tanfz,LB = 11.16
QD
Q1
( )−2/3 LD
B
( )1/3 hD,1
LD
( )8/5[ ]
. (8)
The difference between z∗max,RB and DzRB-LB yields z∗max,LB
(Fig. 6). The application range is 0.011 ≤ tan fz,LB ≤ 0.042,
0.04 ≤ QD/Q1 ≤ 0.37, 2 ≤ LD/B ≤ 4 and 0.004 ≤ hD,1/LD ≤
0.016. The term QD/Q1 has to be solved by iteration, since QD
is a priori unknown.
4.6 Location of maximum heights of the extracted deposits
To ﬁnd a non-dimensional relationship for the location of the
maximum deposit heights on the two channel sides, the approach
ﬂow depth h1 was used. The analysis indicated that for all tests
x∗max,LB/h1 ¼ 21 and x∗max,RB/h1 ¼ 30 with ratios in the
range of 12 ≤ x∗max,LB/h1 ≤ 31 and 23 ≤ x∗max,RB/h1 ≤ 39.
4.7 Shape factors of the extracted deposits
Since the deposit shape on the right bank varied insigniﬁcantly
with the test boundary conditions, a constant value of n∗RB ¼
5.52 was assumed. The analysis further indicated that the ratio
n∗LB/n∗RB is related to the ratio of side weir crest length LD
and channel width B as
n∗LB
n∗RB
= 1
8
LD
B
+ 2
7
. (9)
The application range is 0.47 ≤ n∗LB/n∗RB ≤ 0.89 and 2 ≤ LD/
B ≤ 4.
Figure 6 Deﬁnition sketch for angle tan fz,LB relating the maximum
heights of the extracted deposits on right and left channel banks
Figure 7 Deﬁnition sketch to implement aggradation model into
numerical program. Location xcp of the maximum deposit height relative
to weir refers to downstream weir corner
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4.8 Longitudinal shift of extracted deposits
To consider the longitudinal shift Dx∗ of the two proﬁles (Figs 3
and 4), the channel geometry and the ﬂow regime were assumed
to be adequately expressed by the approach ﬂow Froude number
F1 ¼ v1/(gh1)0.5 where v1 is ﬂow velocity. Effects related to
sediment transport and weir geometry are incorporated in the
shear velocity u∗1 and the weir crest length LD. As a result,
the longitudinal displacement of the two proﬁles is given by
the second order polynomial
Dx∗
LD
= 23.26x2 − 0.11x (10)
x = 1− 3F
2
1
2+ F21
( )1/2
u∗1NameMeNameMeNameMeNameMeNameMe
gLD
√
( )1/4
. (11)
The second term in Eq. (11) has the form of a Froude number.
Its inﬂuence is small when compared with the ﬁrst term, as
indicated by the exponents. For F1 ¼ 0, i.e. u∗1 ¼ 0 m/s, the
displacement is zero. For F1 ¼ 1, the ﬁrst term in Eq. (11)
tends to zero. Consequently, the application range is limited to
0 ≤ F1 ≤ 1.
4.9 Location of the extracted deposit relative to side weir
The downstream weir corner represents an appropriate coupling
point to implement the modelled deposit into a numerical
program (Fig. 7). Using the weir crest length LD for normaliza-
tion, the location xcp of the maximum height of the empirical
deposit around the downstream weir edge varied in all tests
in the rather narrow range of 20.34 ≤ xcp/LD ≤ 0.12. On
average, the coupling point is located at xcp/LD ¼ 20.13, thus
slightly upstream of the downstream weir corner.
For practical purposes, the maximum deposit elevation occurs
at the downstream weir corner. There, the disturbance of the
equilibrium between bed-load transport capacity of the main
channel and sediment supply reaches its maximum. This location
can be considered to be conservative, since the side overﬂow
discharge QD is larger than for a deposit located upstream of
the downstream weir corner (Rosier et al. 2009a).
5 Application of semi-empirical model
To apply the bed elevation model in a numerical model, arbitrary
boundary conditions in the test range were used as B ¼ 1.50 m,
So ¼ 0.001, LD ¼ 3.00 m, wD ¼ 0.10 m, Q1 ¼ 0.131 m3/s, QD
¼ 0.022 m3/s, h1 ¼ 0.130 m, hD,1 ¼ 0.026 m, F1 ¼ 0.60, u∗1 ¼
0.036 m/s and DF ¼ 0.76. In a ﬁrst step, the normalized dimen-
sionless deposit shape is determined (Fig. 5c). The shape factor for
the proﬁle on the right bank is n∗RB ≈ 5.52. For the left bank
Eq. (9) yields n∗LB ¼ 2.96. With arbitrarily chosen increments
on the left and right channel banks 0.00 ≤ X ≤ 4.00 4 6.00,
the proﬁle heights on the two sides result from Eq. (1).
Second, the shape of the extracted dimensional deposit is
determined (Fig. 5b). With x∗max,RB ¼ 3.90 m, the right bank
abscissa x∗ ¼ X x∗max,RB is computed. The right bank ordinate
z∗ ¼ Z(X) z∗max,RB is obtained by Eq. (4) with z∗max,RB ¼
0.05 m. The abscissa and ordinate on the left bank are x∗max,LB
¼ 2.73 m and z∗max,LB ¼ 0.015 m (Eq. 8). Herein, DzRB-LB ¼
0.035 m (Eq. 7). The longitudinal shift of the left and right
proﬁles is Dx∗ ¼ 3.054 m (Eqs 10 and 11). The shape and
height of the two proﬁles as well as their longitudinal shift
fully describe the 3D deposit surface.
The last step consists in implementing the modelled deposit in
a ﬂow calculation program. The location relative to the down-
streamweir corner is21.02 m ≤ xcp ≤ 0.36 m.With reasonable
accuracy, the deposit can be placed directly at the downstream
weir corner. If necessary, ﬂow resistance due to bed forms has
to be superimposed on the bed elevation model as well as
that due to grain roughness (Kamphuis 1974, Ranga Raju and
Soni 1976).
The prediction accuracy of the 3D semi-empirical model was
tested for all experiments using the 1D numerical code HEC-
RAS (version 3.1.2). On average, 91% of the measured overﬂow
was predicted by the numerical computations within 86–94%.
The one-dimensionality of the numerical code and the selection
of appropriate ﬂow resistance are the main reasons for the
differences. However, the overﬂow accuracy is better than for
a 2D-empirical bed elevation model, for which the accuracy is
85% (Rosier 2007b).
Since data from the test end with equilibrium conditions were
used, the computed deposit shape corresponds to the ﬁnal deposit
shape of the tests. Usually, such information is not available and
iterative computations startingwith a ﬂat bed have to be performed
until a stable deposit and overﬂow discharge are obtained.
6 Conclusions
The interaction of a side overﬂow with a mobile channel bed was
investigated experimentally. Owing to the lateral water loss, the
sediment transport capacity in the main channel is signiﬁcantly
reduced within a short channel reach. As a consequence, sedi-
ment is deposited in the vicinity of the weir and the side overﬂow
discharge increases in an unforeseen way. The analysis revealed
that a short weir generates a more pronounced deposit and a
higher side overﬂow than a longer, leading to a smoother
deposit and a smaller overﬂow discharge. Based on systematic
ﬂume tests, a semi-empirical model to describe the 3D shape
of the aggraded channel reach due to lateral water withdrawal
has been developed. The main deposit properties, namely its
maximum height, the location of maximum height and shape,
were modelled using a Maxwell distribution function. The
non-dimensional input parameters were expressed in terms of
simple functions referring to channel and weir geometry, ﬂow
conditions and bed-load transport. The method provides good
prediction and is simple to apply.
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The model application range is dictated by the ratio of crest
length to channel width, the ratio of overﬂow to approach
discharge, medium relative bed roughness, a mild bottom slope
and subcritical ﬂow regime. The model can be used to provide
estimates of spilled discharge under steady ﬂow conditions
taking into account side weir-inducedmorphological bed changes.
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Notation
B ¼ channel width
CD ¼ side weir discharge coefﬁcient
d ¼ characteristic grain diameter, usually d50
di ¼ grain diameter for which i % of sediment is ﬁner by
weight
F ¼ ﬂow Froude number
g ¼ acceleration due to gravity
h ¼ ﬂow depth
hD ¼ side weir pressure head, ﬂow depth above side weir
crest
LD ¼ side weir crest length
n ¼ Manning’s resistance coefﬁcient
nD ¼ number of side weirs
n∗ ¼ shape factor
p ¼ porosity of sediment
qsb ¼ solid discharge (bed-load) per unit width
Q ¼ discharge
QD ¼ overﬂow discharge
Qsb ¼ solid discharge (bed-load) per unit weight
Rh ¼ hydraulic radius
s ¼ relative density
So ¼ bed slope
t ¼ time
u∗ ¼ shear velocity
v ¼ ﬂow velocity
w ¼ particle fall velocity
wD ¼ side weir crest height
x ¼ direction of rectilinear ﬂow, channel distance
xcp ¼ horizontal location of deposit relative to downstream
weir corner
x∗ ¼ location of deposit height
X ¼ dimensionless parameter in Maxwell distribution
function
y ¼ direction horizontally perpendicular to x (transverse
coordinate)
z ¼ direction vertically perpendicular to x
z∗ ¼ deposit height of extracted deposit
Z ¼ dimensionless parameter in Maxwell distribution
function
Dx∗ ¼ longitudinal proﬁle displacement
DzRB-LB ¼ difference between maximum height of proﬁles
DF ¼ ratio of downstream to upstream bed-load discharge
rs ¼ density of sediment
sg ¼ ¼ (d84/d16)1/2, geometric sorting coefﬁcient
f∗ ¼ horizontal angle between location of maximum
proﬁle heights
fz,LB ¼ vertical angle between the maximum proﬁle heights
F ¼ dimensionless intensity of bed-load discharge,
Einstein factor
Subscripts
1,2 ¼ beginning and end of side weir
D ¼ relating to side weir
LB, RB ¼ left and right channel bank
max ¼ maximum value
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